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Abstract 
This study examined the long-term trends in four air pollutants in Australia’s four largest 
cities between 1996 and 2011. Trends were estimated using the monthly average levels from 
long-term fixed monitors. Trends were assumed to be linear, or piecewise linear with up to 
two change-points. The piecewise linear assumption was verified by comparison with trends 
using a flexible spline. There were long-term improvements in carbon monoxide (reductions 
of 33% to 79%) and sulphur dioxide (reductions of 0% to 95%). Particulate matter levels 
(PM10) remained relatively constant, and ozone levels increased in two cities by between 
10% and 26%. Ozone levels increased in all four cities when including the influence of 
temperature, and levels are predicted to increase further because of climate change.  
INTRODUCTION 
Air pollution is a broad term for the mix of chemicals, particles and biological material in the 
air. Increased air pollution increases the risks of respiratory, cardiovascular and neurological 
diseases, and effects people of all ages from newborn children to the elderly. Reductions in 
air pollution have a positive impact on health (World Health Organization 2005). Improving 
air quality is the responsibility of national and state governments. 
Air pollution levels in Australian cities are relatively low, except in mining cities like 
Mount Isa. However, the health effects of air pollution are still a problem at these low levels 
(Barnett et al. 2005; Barnett et al. 2006). Urban air pollution was estimated to be responsible 
for 1% of the total burden of disease and injury in Australia in 2003 (Begg et al. 2007). An 
estimated 900 to 2,000 early deaths occur every year in Australia because of vehicle air 
pollution, which is similar to the annual numbers killed in vehicle accidents (Bureau of 
Transport and Regional Economics 2005).  
In a meta-analysis of the health effects of ozone, two Australian cities (Melbourne and 
Brisbane) were ranked first and second out of forty-three locations, including cities with 
higher average pollution levels like London and Mexico (Ito et al. 2005). This stronger dose-
response association in Australian cities may be because of the mild climate which means 
people are often outdoors and live in homes that are well ventilated. Reducing the already 
low levels of air pollution in Australian cities further should return significant national health 
benefits.  
This paper examines whether air quality has improved in four Australian cities since 
1996 (when good data became available). It also aims to find the times of major changes in 
pollution levels, and then compare these times with major policy changes. This would give 
some evidence that these policy changes had a positive impact, which would provide useful 
guidance for future policy decisions. The focus is on the change in air pollution levels within 
each city, rather than comparing the absolute levels between cities.  
METHODS 
Data 
The data are monthly average pollution levels from the four largest cities in Australia. The 
four pollutants examined are carbon monoxide (CO), ozone (O3), particulate matter with a 
diameter of less than 10 microns (PM10) and sulphur dioxide (SO2). These pollutants were 
chosen because they are part of the national air quality standards, (National Environment 
Protection Council, 2010) and have proven negative health effects. The data begin in January 
1996 and end in December 2010 in Melbourne and Perth, and December 2011 in Sydney and 
Brisbane. Each city has a network of monitors, but only those monitors that covered the 
entire study period were used (Appendix figures 1–4). The pollutants are presented on the 
scales of parts per million (ppm) for CO, μg/m3 for PM10 and parts per billion (ppb) for O3 
and SO2.  
Statistical methods 
The aim was to show the long-term trends in air pollution. This was achieved by modelling 
the average monthly pollution levels in each city using the data from individual stations. The 
following four models were fitted: 
1. No change in pollution levels over time.  
2. A linear change in pollution levels over time. 
3. A piecewise linear trend in pollution levels over time with one change-point. 
4. A piecewise linear trend in pollution levels over time with two change-points. 
The best model was chosen using the Akaike Information Criterion, which balances model 
complexity and a close fit to the data (Burnham and Anderson 2010). 
A categorical variable of month was used in all models to control for seasonal patterns in 
pollution levels. A categorical variable was used for dust storms when modelling PM10, to 
remove the effects of the occasional dust storms (Appendix table 1). More details on the 
models are in the Appendix. 
The four models (1–4) were used because: i) gradual linear increases or decreases in air 
pollution make sense from a policy and environmental perspective (sudden changes in a 
city’s airshed are unlikely because of the relatively large geographic scale and the time 
needed for policies to have an effect), ii) the two change-point models (3–4) estimate the 
times at which changes occurred, which can then be compared with changes in air pollution 
policy.  
When modelling trends in ozone, the average monthly maximum temperature was added 
as an additional explanatory variable. This is because ozone is strongly dependent on 
temperature (Thompson et al. 2001), and the aim was to estimate long-term trends in ozone 
that were independent of long-term trends in temperature. The association between ozone and 
temperature is sometimes non-linear (Thompson et al. 2001), hence average monthly 
maximum temperature was fitted as a linear and quadratic variable.  
The trends from the best models were plotted over time. The residuals from the best 
model were graphically checked for normality and outliers (Appendix Figures 6–9). The 
residuals were also checked for any remaining quadratic patterns in order to confirm that the 
piecewise linear assumption was adequate.  
The trends estimated by the piecewise linear method were verified using a more flexible 
spline. The degrees of freedom for this flexible spline were selected using cross-validation 
using the ‘mgcv’ library in R (Wood 2006). The spline was fitted as part of a generalised 
additive mixed model, with a random intercept for each site. A generalised additive model 
with a flexible spline has been previously used to model trends in traffic related pollution 
(Carslaw et al. 2007).  
The statistical software R version 2.15.0 was used for all analyses (www.r-project.org).  
Results 
The average monthly pollution levels over time in each station are in Figure 1. There were 
some negative values for CO and SO2 because of the zero drift of the instrument, which can 
result in small negative values when the analyser is sampling clean air. The negative values 
for SO2 are clearly visible in Figure 1; the negative values for CO were relatively small and 
cannot be seen in the figure. The plots show the strong seasonal patterns particularly for O3 
and CO. These seasonal patterns are not of interest when considering the long-term trend, and 
were removed using a categorical term for month.  
Insert figure 1 here 
The AIC values for the four models are in Table 1, and the best model for each city 
and pollution combination is highlighted in bold. The estimated trends using the best models 
are in Figure 2. The change-points and their direction are in Table 2.  
Insert table 1 & figure 2 here 
In all four cities the trend in CO has been generally downward, except for a relatively 
recent increasing trend in Brisbane (October 2010) and Sydney (July 2007). The estimated 
average CO levels in Brisbane were 0.86 ppm in 1996 and 0.18 ppm in 2011, a 79% 
reduction. The reductions in CO from 1996 to 2010/2011 in the other three cities were 64% 
in Perth, 58% in Melbourne and 33% in Sydney.  
Insert table 2 here 
Ozone levels increased in Perth and Sydney, and decreased slightly in Brisbane. 
Levels in Melbourne had relatively large changes between 1996 and 2011, but the estimated 
mean levels in 2011 were just 5% lower than those in 1996. The increases between 1996 and 
2011 were 10% in Perth and 26% in Sydney; the decrease in Brisbane was 14%.  
SO2 levels were low in all four cities, with generally downward trends in Sydney and 
Perth, with a large drop in levels in Perth between 1996 and 1997. The estimated average SO2 
levels in Melbourne were 0.76 ppb in 1996 and 0.04 ppb in 2010, a 95% decrease. There was 
a 65% decrease in Perth and Sydney, but no change in Brisbane.  
PM10 levels have not changed in Brisbane and Melbourne. Sydney experienced a rise 
in PM10 between October 1999 and March 2004, followed by a fall thereafter. There was a 
29% decrease in Perth from 1996 to 2010, a 10% decrease in Sydney, and no change in 
Brisbane and Melbourne.  
The trends from using a more flexible spline are compared with those from the 
piecewise linear model in Appendix Figure 10. The agreement between the two methods was 
good for all of the results except SO2 and PM10 in Brisbane, and PM10 in Melbourne. For 
PM10 in Brisbane the estimated linear trend using the flexible spline was not statistically 
significant (p-value = 0.30), so the flat trend from the piecewise linear model is plausible. For 
SO2 in Brisbane the estimated decreasing trend using the flexible spline was strongly 
statistically significant (p-value < 0.001). The piecewise linear models with a linear pattern 
and one change-point had a similar AIC to the no change model (Table 1). An argument can 
therefore be made to support either no change or a decrease over time, but neither argument 
is conclusive. For PM10 in Brisbane the estimated trend using the flexible spline was 
strongly statistically significant (p-value < 0.001) with 7.3 degrees of freedom. This large 
degrees of freedom was not tested by the piecewise linear model, hence it could not match 
the estimated trend from the flexible spline. The GAMM model possibly gives a better fit to 
the data, but its estimated trend is bumpy and the long-term trend in PM10 is essentially flat.  
DISCUSSION 
Carbon monoxide 
The most positive and consistent long-term improvement in air pollution was for carbon 
monoxide, which fell appreciably in all cities (Figure 2). In urban areas around 80% of 
carbon monoxide is due to motor vehicles (Department of Environment and Resource 
Management 2011; Environmental Protection Agency Victoria 2012). So the improvement in 
levels could be due to improvements over time in the vehicle fleet and tighter vehicle and fuel 
standards (Table 3).  
Ozone 
Ozone increased in two cities and had relatively small decreases in the other two cities. A 
previous study also found an increasing trend in ozone in Sydney during the 1990s (Duc and 
Azzi 2009). Ozone is a secondary pollutant, formed by a reaction between sunlight, nitrogen 
oxides and volatile organic compounds. The trends here were adjusted for monthly 
temperatures. The trends without adjusting for monthly temperature are in Appendix 
Figure 11, and show an increase in ozone in all four cities of between 5% and 60%. These 
increasing trends may therefore be an early sign of climate change, and ozone levels are 
predicted to rise as climate change continues to produce warmer summer temperatures 
(Hatton et al. 2011).  
Policy makers should be interested in both the estimated trends in ozone that are 
adjusted for temperature (Figure 2) and the unadjusted trends (Appendix Figure 11). The 
adjusted trends are useful for showing if any policy changes have impacted on ozone levels 
after controlling for trends towards higher temperatures. The unadjusted trends are useful for 
understanding the potential health impacts of ozone, including the higher levels due to higher 
temperatures. Policies that reduce ozone levels in Australia could return great health benefits, 
because of the strong dose-response associations between increased ozone and death (Ito et 
al. 2005; Simpson et al. 1997; Simpson et al. 2000).  
Particulate matter 
The trends in PM10 were a reduction in Perth, a small improvement in Sydney, and no 
changes in Brisbane or Melbourne. The general lack of improvement in particulate matter and 
ozone is concerning, as these two pollutants have been identified by the European 
Respiratory Society Environment and Health Committee as being the most serious threats to 
health (Brunekreef et al. 2012).  
Although average PM10 levels did not change greatly, it is possible that the 
composition of PM10 changed between 1996 and 2011. For example, an increased amount of 
dust particles and reduced amount of metallic particles. Particle composition is important for 
health, as, for example, particles from traffic or those containing elemental carbon or nickel 
have been shown to a have stronger association with the risk of hospitalisation compared with 
particles of organic carbon matter (Bell et al. 2009; Levy et al. 2012).  
Sulphur dioxide 
There were falls in the levels of sulphur dioxide in Melbourne in 2007 and Sydney in 2008. 
These falls may be partly explained by the increased national restrictions on the sulphur 
content of diesel in 2006 and petrol in 2008 (Table 3). The tighter restrictions over time on 
the sulphur content of fuel had no effect on sulphur dioxide levels in Brisbane. This may be 
because levels were already very low, or because the major sources of sulphur in Brisbane are 
from industry instead of vehicles. There is some uncertainty about the trend in SO2 in 
Brisbane, as there was little difference in fit between the no change and linear model using 
the piecewise spline (Table 1), and the sensitivity analysis using a more flexible spline 
estimated a downward trend (Appendix Figure 10). Some of this uncertainty is due to the 
small sample size of just two monitoring sites in Brisbane. This uncertainty makes it difficult 
to conclusively choose between either a downward trend or no change in SO2 in Brisbane.  
Air quality standards 
The National Environment Protection Measures (NEPMs) are one of Australia’s principal 
measures to improve air quality (National Environment Protection Council, 2010). The air 
quality NEPMs are a set of standards for six criteria pollutants, including the four pollutants 
studied here. For example, the carbon monoxide standard is an 8 hour average below 
9.0 ppm. The NEPMs were introduced in 1998 and updated in 2003 (Table 3). They required 
the setting up of monitoring networks to assess compliance with the standards, and for action 
to be taken to ensure that the standards were met. Air quality standards are not a direct 
intervention, and will only lead to improved air quality if they promote effective 
interventions. The standards are designed around peak levels and a small number of 
allowable exceedences per year. Hence the standards are not geared towards improving 
average air quality.  
The use of air quality standards has been criticised for giving a, “completely false 
sense of security”, as most health effects occur at levels well below the standards (Brunekreef 
et al. 2012). This is true in Australia, as almost all the negative health effects have been 
observed at levels below the standards (Barnett et al. 2005; Barnett et al. 2006; Hu et al. 
2008). The air quality standards have also been misused by Australian government reports on 
new roads and tunnels, with modelled changes in air pollution levels being deemed “safe” if 
they fall below the standards.  
Population changes 
Australia’s growing population may have caused upward pressure on air pollution levels. The 
increases in the population between 1996 and 2011 were 36% in Brisbane, 24% in 
Melbourne, 31% in Perth, and 18% in Sydney. More people means more vehicles and more 
local pollution sources, such as from heating. In terms of vehicles, there was an 8% increase 
in the average distance travelled between 2006 and 2012 at a national level, and a 12% 
increase in the number of vehicles (Australian Bureau of Statistics 2011). More vehicles 
spending more time on the road would increase pollution levels (Dahl 2005), and vehicles are 
one of the major sources of air pollution in urban Australia (Hatton et al. 2011). However, the 
vehicle fleet is also improving over time, as older vehicles are replaced by newer vehicles 
with better catalytic converters. The long-term trends in some pollutants shown here suggest 
that these improvements to vehicles have been somewhat offset by an increase in traffic 
volume, as predicted by Beer back in 1995 (Beer 1995).  
Limitations 
Some changes in pollutant levels shown here may have been caused by a change in the way 
the pollutant was monitored, or a change in land use near a monitoring site (e.g., a factory 
closing). Local experts were asked their opinions on changes in monitoring methods, and 
only minor issues were raised. Some changes in pollution trends may have been due to 
meteorological changes. The effects of dust storms were adjusted for, as were the effects of 
temperature on sunlight.  
Conclusion 
The results show improvements in Australia in CO and SO2, but no meaningful improvement 
in PM10 or O3. New policies are needed to tackle these two important pollutants. These 
policies need to come from governments, as the market will not initiate change because those 
who benefit from creating traffic pollution (vehicle and petrol companies) do not incur the 
health costs (Uherek et al. 2010). Without new policies, traffic pollution will only end when 
the vehicle fleet is completely clean, which may not happen until 2050 (ibid). Policies might 
include changes to land-use planning, vehicle congestion charges, and encouraging active 
transport (Giles et al. 2010; Brauer et al. 2012). Any reductions in these pollutants would 
benefit health, with potentially large benefits given the number of people exposed to air 
pollution every day, and the great number of health conditions associated with air pollution.  
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Table 1: Akaike information criterion (AIC) and the difference in the AIC from the best 
model (∆) for each pollutant and city. The AIC for the best model for each pollutant and city 
is highlighted in bold.  
  
Brisbane Melbourne Perth Sydney 
Pollutant Model  AIC  ∆  AIC ∆  AIC ∆ AIC  ∆  
CO No change 126.0 308.0 –380.5 182.5 –254.4 67.6 –188.9 227.8
 
Linear –163.1 18.9 –563.0 0 –322.0 0 –300.5 116.1
 
One change –174.9 7.1 –559.5 3.5 –315.8 6.1 –416.6 0 
 
Two changes –182.0 0 –560.5 2.5 –311.5 10.5 –415.8 0.8 
O3  No change –8893.2 4.7 6059.9 783.1 –170.3 34.4 244.6 472.5
 
Linear –8875.7 22.2 5673.5 396.7 –204.7 0 –62.9 165.0
 
One change –8884.0 14.0 5544.2 267.4 –198.7 5.9 –215.4 12.4 
 
Two changes –8897.9 0 5276.8 0 –195 9.6 –227.9 0 
PM10 No change –229.0 0 -363.4 0 –83.1 12.6 –499.5 220.9
 
Linear –216.3 12.8 –351.0 12.5 –92.1 3.6 –485.9 234.5
 
One change –219.1 9.9 –353.5 9.9 –95.8 0 –682.3 38.1 
 
Two changes –221.9 7.1 –359.8 3.6 –95.1 0.6 –720.4 0 
SO2 No change –3836.4 0 1643.6 103.9 –569.5 42.5 –1987.9 317.1
 
Linear –3835.8 0.5 1634.1 94.5 –577.7 34.3 –2274.4 30.6 
 
One change –3834.6 1.7 1606.5 66.8 –612.0 0 –2295.2 9.8 
 
Two changes –3818.7 17.7 1539.7 0 –607.3 4.7 –2305.0 0 
 
Table 2: Change-points times and direction of the change (in parenthesis) in the long-term 
trends in air pollutants by city. 
 
CO  O3  PM10 SO2  
Brisbane 
Sep 2001 (↓)
Oct 2010 (↑)
Jul 1997 (↑)
Apr 2008 (↓)
– – 
Melbourne – 
Jul 1998 (↑)
Nov 2007 (↓)
– 
Sep 2000 (↑) 
May 2008 (↓) 
Perth – – May 1999 (↑) Nov 1997 (↑) 
Sydney Aug 2007 (↑)
Feb 1999 (↑)
Dec 2002 (↓)
Nov 1999 (↑)
Mar 2004 (↓)
May 2007 (↓) 
Apr 2009 (↑) 
 
Table 3: Some national policy changes in Australia aimed at reducing air pollution levels 
(1996–2011) 
Year(s) Policy  
1997–9 Stricter standards for carbon monoxide and nitrogen oxide for new petrol passenger 
cars 
1998  First national ambient air quality standards adopted  
2000  Commonwealth Motor Vehicle Standards Act establishes environment standards for 
motor vehicle fuels 
2002  National fuel standards for petrol and diesel, including sulphur and lead 
2003–6 Stricter standards for nitrogen oxide for new petrol passenger cars 
2003  National ambient air quality standards revised to include PM2.5  
2003  National fuel standards introduced for biodiesel  
2005  Updated fuel standards: sulphur content of petrol lowered to 150 ppm 
2006  Updated fuel standards: benzene added to petrol standards, sulphur content of diesel 
lowered to 50 ppm  
2008  National fuel standards introduced for ethanol blended petrol; sulphur content of 
petrol lowered to 50 ppm 
2008–
10  
Stricter standards for carbon monoxide and nitrogen oxide for new petrol passenger 
cars 
2009  Updated fuel standards: sulphur content of diesel lowered to 10 ppm  
2011  Stricter standards for new petrol vehicles including carbon monoxide and particulate 
matter 
ppm = parts per million  
Sources and further details: Vehicle Emissions Standards 
http://www.infrastructure.gov.au/roads/environment/emission/index.aspx; Fuel Quality 
Standards http://www.environment.gov.au/atmosphere/fuelquality/standards/index.html; 
National Environment Protection Measures http://www.ephc.gov.au/nepms;  
Figure 1: Average monthly pollution levels over time (1996–2011) for the four pollutants in 
the four cities. Plots show the monthly means for individual stations. Each station is shown 
using a different colour. The scales on the y-axes are parts per million (ppm) for CO, parts 
per billion for O3 and SO2, and μg/m3 for PM10. 
 
Figure 2: Estimated long-term trends in the four pollutants in the four cities (1996–2011). 
The scales on the y-axes are parts per million for CO, parts per billion for O3 and SO2, and 
μg/m3 for PM10. 
 
